Abrikosov vortex mass in high-T_c YBaCuO superconductor emerging from
  observed circular dichroism of far-infrared transmission by Tesař, Roman et al.
Mass of one bit for fluxonics - Abrikosov vortex - in high-Tc YBaCuO superconductor
Roman Tesarˇ1, Michal Sˇindler1, Christelle Kadlec1, Pavel Lipavsky´2, Ladislav Skrbek2, and Jan Kola´cˇek1
1Institute of Physics, Czech Academy of Sciences,
Na Slovance 2, 182 21 Prague 8, Czech Republic and
2Faculty of Mathematics and Physics, Charles University,
Ke Karlovu 3, 121 16 Prague 2, Czech Republic
We report the magneto-transmittance of nearly optimally doped YBa2Cu3O7−δ thin film, mea-
sured using circularly polarized light of various submillimeter wavelengths. On lowering the temper-
ature, the circular dichroism emerges in the superconducting state and typically increases towards
low temperatures. From a model based on cyclotron motion of Abrikosov vortices, we deduce a
low-temperature vortex mass (2 − 3) × 109 electron mass per centimeter. The mass of the vortex
gradually vanishes upon approaching the critical temperature.
The limitations of today’s digital technology will likely
be overcome by ultra-fast superconductive electronics1,
quantum circuits2, and quantum information process-
ing. Such advanced electronic devices can operate within
the framework of fluxonics taking advantage of intrinsic
properties of superconducting vortices. Abrikosov vor-
tices, the fluxons, are ideal information carriers: they
are topologically stable and keep a uniform nano-scale
size given by quantum conditions.
The interaction and evolution of vortices on a micro-
scopic scale is covered by the time-dependent Ginzburg-
Landau theory. Nevertheless, the motion of many flux-
ons on large distances requires a semi-classical treatment
that includes external drive, pinning, friction and inertial
forces. In conventional low-Tc superconductors, the fric-
tion is dominant making the vortex mass unimportant.
In contrast, low vortex friction in high-Tc materials al-
lows fast motion, and inertial forces may, therefore, affect
vortex trajectories. The knowledge of the inertial mass
of a vortex will thus play a similar role in high-Tc flux-
onics as the knowledge of effective electron mass played
in conventional semiconductor electronics.
Historically, vortex mass in superconductors has been
debated for over 50 years since its theoretical prediction
by Suhl3, 4000me/cm for niobium, where me stands for
the electron mass. A boom of theories emerged in 1991,
stimulated by the discovery of high-Tc superconductors;
for instance, the vortex mass in YBaCuO was predicted4
to reach ≈ 108me/cm. Rather different trends follow
from the theory of Han et al.5, which gives the vortex
mass 1013me/cm in niobium at 5 K while for YBaCuO at
the same temperature it yields 3×109me/cm. Addition-
ally, the vortex mass can be increased by backflow effects6
or by the strain field7,8 with estimates for YBaCuO rang-
ing from dominant, Ä 1010, to negligible, Ä 104me/cm,
values. In Fig. 3a we compare various theories with
present results. We also note in passing that various the-
ories for the mass of quantized vortices in closely related
superfluids offer similarly conflicting results9,10. Esti-
mates of vortex mass span full range from the infinite
mass11,12 to the negligible one13.
Contrary to the plethora of theoretical predictions of
the effective vortex mass in type-II superconductors, we
are aware of only two relevant experiments, both sup-
porting rather large vortex masses. First, Fil et al.14
measured acousto-electric effect in YB6 and deduced a
vortex mass of 1010me/cm – an order of magnitude less
than Han’s mass but about five orders larger than that
estimated by Kopnin15 or Suhl3. Second, Golubchik et
al.16 observed the movement of individual vortices in a
superconducting niobium film near its critical tempera-
ture by combining high-resolution magneto-optical imag-
ing with ultrafast heating and cooling technique. The
vortex mass is indispensable to explain their data; the
best fit yields 1.4×108me/cm. This value is not so high,
still, for the experimental temperature of 0.97Tc, Suhl’s
mass is three orders of magnitude smaller. On the other
hand, the prediction of Han et al.5 exceeds this value by
five orders of magnitude.
The extremely large spread in theoretically predicted
values and very few experimental data available moti-
vated us to attempt to independently determine the mass
of an Abrikosov vortex. Here, we present relevant ex-
periments leading to a reliable evaluation of the vortex
mass in optimally doped YBa2Cu3O7−δ. For data analy-
sis, we employ a simple theoretical model that describes
cyclotron motion of vortices driven by an incident elec-
tromagnetic wave. The vortex mass is then estimated
from the measured differential transmission of clockwise
and anti-clockwise circularly polarized light near the res-
onant frequency.
We have designed and developed a unique far-infrared
(FIR) transmission experiment, as displayed in Fig. 1,
which is capable of probing the circular dichroism. The
breakthrough that eventually allowed us to conduct this
research was a home-made retarder17 inserted in the op-
tical path near the FIR-laser output aperture; it retards
the horizontal component relative to the vertical one by
an adjustable phase delay. For the entering light of equal
vertical and horizontal polarizations, the phase delay of
±pi/2 results in the linear-to-circular conversion of polar-
ization. Since the phase shift introduced by the retarder
is inversely proportional to the wavelength of the incom-
ing light, each laser line requires a separate adjustment.
We measured transmission at several laser lines18 in
the terahertz frequency range listed in Fig. 3b. Our cur-
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FIG. 1. Sketch of the magneto-optical setup. (a) The con-
tinuous laser beam is split by a linear wire-grid polarizer; the
reflected part is monitored by a pyroelectric detector to keep
trace of unavoidable power fluctuations, and the transmitted
part proceeds towards the sample. The retarder converts the
light from linear to circular polarization. The circularly po-
larized beam and the magnetic field are perpendicular to the
film surface, as detailed in the inset. (b) Vortices in the film
(gray circles) control the response via the following mecha-
nism: The electric field of the beam drives the supercurrent.
The Magnus force accelerates vortices in the direction per-
pendicular to the supercurrent and vice versa – the vortex
motion affects the supercurrent and thus the transmissivity.
In the sketch the electric field in the sample as well as the
vortices rotate clockwise. If the light frequency is close to
the cyclotron frequency of vortices, the motion of vortices is
resonantly enhanced, leading to the observed dichroism.
rent setup enables fast flips between clockwise (+pi/2)
and anti-clockwise (−pi/2) circular polarizations, con-
sequently, we probe transmittance T+ and T− of both
polarizations under identical conditions. The trans-
mittance, i.e., the fraction of laser energy transmitted
through the sample, is evaluated as the bolometer-to-
pyrodetector signal ratio, effectively eliminating any pos-
sible time instability in the laser power. Identical profile
of both signals confirms that the transmission is mea-
sured in the linear regime.
We have chosen the most common high-Tc material
YBa2Cu3O7−δ in the form of a thin film with a thickness
L = 107 nm and with CuO2 planes parallel to the surface.
The sample was prepared in National Chiao Tung Uni-
versity (Taiwan) using a pulsed laser deposition method
from a stoichiometric target on a lanthanum aluminate
substrate oriented in the (100) plane. The substrate di-
mensions are 10×10×0.5 mm3. The critical temperature
of the film Tc = 87.6 K was determined from dedicated
dc resistivity measurement.
In experimental runs, we apply magnetic field at a tem-
perature well above Tc. As the temperature is lowered,
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FIG. 2. Circular dichroism. (a) Transmittance of the super-
conducting YBaCuO sample, normalized by the normal-state
transmittance TN at 100 K, plotted for two circular polar-
izations versus temperature. For 10 T magnetic field (red
and blue lines) the dichroism is clearly visible below 70 K. In
zero field (full and dashed gray lines) no dichroism appears.
(b) The inset shows the transmittance ratio T+/T− measured
in several applied magnetic fields plotted versus temperature.
The data in (a) and (b) are obtained using 311.6 µm laser line
(6.1×1012 rad/s). Above the critical temperature the dichro-
ism is absent showing that the normal-state Hall component
is negligible. (c) Transmittance ratio for 458.5 µm laser line
which reveals a sign reversal of the dichroism T+/T− − 1 at
temperature 70 K. At low temperatures, the cyclotron fre-
quency of vortices is larger than the circular frequency of the
laser (4.1 × 1012 rad/s). Near the critical temperature the
cyclotron frequency slows down crossing the laser frequency
which results in the reversed dichroism.
vortices freeze into a regular Abrikosov lattice. The mag-
netic field is then kept fixed since any change would re-
sult in inhomogeneous patterns of vortex density. The
temperature is swept down and back by a steady sweep
rate of 2.5 K/min, the instantaneous temperature of the
sample being recorded together with the transmittance.
Care is taken that the down and up sweeps do not show
any hysteresis.
Fig. 2a displays the temperature dependence of dichro-
ism observed in the external magnetic field of 10 T using
the 311.6 µm laser line. As expected, transmission mea-
sured at zero field does not display dichroism, as there
is no asymmetry caused by the Abrikosov vortices. In
nonzero fields, however, as shown in Fig. 2b, the low-
temperature circular dichroism is clearly observed, with
the onset at Ä 85 K, and can be attributed to the forma-
tion of vortices threading the sample. As it is clearly ap-
parent, the effect is enhanced in higher applied magnetic
fields, thanks to the growing areal density of Abrikosov
vortices. While Fig. 2b represents a monotonic temper-
ature dependence typical at low temperatures, figure 2c
3provides a sign reversal appearing near the critical tem-
perature.
One can interpret the basic features of our mea-
surements within a free-film approximation19 as T± ≈
4Ô0|ρ±|2/µ0L2, where Ô0 and µ0 denote the permittivity
and permeability of vacuum, while the sample properties
enter via the film thickness L and resistivity ρ±. This ap-
proximation is sufficient for the ratio of transmittances
of opposite helicity,
T+
T− =
|ρ+|2
|ρ−|2 . (1)
A complete analysis based on Yeh’s theory20–23 revealed
only a few percent correction indicating that interference
effects in a slightly birefringent substrate are considerably
reduced in the fraction.
The value of the vortex mass naturally emerges from
the observed dichroism. The transmittance ratio on the
left side of equation (1) is an experimental value (as
shown in Fig. 2b), whereas the right side represents a
theoretical resistivity ratio with the vortex mass as the
only fitting parameter. Our model is based on Newton’s
equation of motion
M V˙ = sgn(B) Φ0 [zˆ × (enV − J)]− ηV − αU (2)
in which the vortex of mass M is accelerated by the Mag-
nus force, slowed by friction η and kept by the pinning
force with Labusch coefficient α, and U˙ = V . We take
the Magnus force in the form put forward by Ao and
Thouless25 and experimentally confirmed by direct mea-
surement of the transverse force in YBaCuO26. It de-
pends only on the density of electrons in the supercon-
ducting condensate n and on the fundamental constants
such as the elementary charge e and the flux quantum
Φ0 = pi~/e. The magnetic field is expressed via its mag-
nitude B and the unitary direction vector, B = Bzˆ. The
super-current J follows from the balance of forces on elec-
trons
m
e
J˙+M |B|Φ0 V˙ = −η
|B|
Φ0
V −α |B|Φ0 U+[J×B]+enE, (3)
which have two inertial components, the superfluid and
the vortices of density |B|/Φ0. The electron motion is
driven by the Lorentz force and part of the momentum is
transferred by friction and pinning to the crystal lattice.
For clockwise/anti-clockwise circular polarizations of the
electric field E = E e−iωt(xˆ ± iyˆ) one finds E = ρ±J
with the resistivity
ρ± = ρ0 + i
sgn(B) Φ0
ωM − αω−1 ∓ sgn(B) Φ0 en+ iη B. (4)
Film properties needed in ρ± were established in a
separate experiment using standard time-domain THz
spectroscopy (0.3 – 2.5 THz). In zero magnetic field,
the observed resistivity follows London’s resistivity ρ0 =
−iωm/(ne2), with a power-law temperature dependence
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FIG. 3. Vortex mass in YBa2Cu3O7−δ. (a) Theoretical
predictions4,5,7 of low-temperature vortex mass extend over
three orders of magnitude. The mass observed by us (line seg-
ment) overlaps with an interval of Kopnin-Volovik masses30
indicated by a light blue color. (b) Vortex mass as a function
of temperature. Experimental data were collected in mag-
netic fields |B| = 2, 4, 6, 8, 10 T for five circular frequen-
cies, 3.3, 4.1, 4.5, 4.7, 6.1 × 1012 rad/s. Frequencies are dis-
tinguished by symbols and colors. The stars result from the
zero dichroism point as shown in Fig. 2c. The Kopnin-Volovik
theory with no adjustable parameter is plotted in solid lines.
Lines for B = 2, 10 T circumscribe nearly all of our data.
of the superconducting charge carrier density n = n0 (1−
T 4/T 4c ). We compare the ratio of hole mass to charge
density, given by ρ0, with the theoretical dependence of
mass on the density27, obtaining the hole mass m =
4.4me and the density of holes n0 = 2.2 × 1027 m−3.
The critical temperature at this density28 agrees with
Tc = 87.6 K of our sample. The normal-state conductiv-
ity corresponds to quasiparticle lifetime of order 10−14 s
making the quasiparticle contribution to the dichroism
negligible. From the low-temperature resistivity at mag-
netic field of 7 T, we identified the Labusch coefficient
α0 = 105 N/m2 and the vortex friction η0 = 1.7 × 10−7
Ns/m2. Our fit values and temperature dependences,
α = α0 (1−T/Tc) and η = η0 (1−T 4/T 4c ), are very simi-
lar to those observed by Parks et al.29 on similar samples.
After all, the term αω−1 in the denominator of resistiv-
ity (4) can be disregarded since ωM º αω−1 for all our
frequencies.
Figure 3 shows vortex masses as a function of temper-
ature obtained by averaging data sets from sixty four
runs, in magnetic fields B = ±2, ±4, ±6, ±8, ±10 T
and measured using five laser lines of angular frequen-
cies 3.3, 4.1, 4.5, 4.7, 6.1× 1012 rad/s, in the close vicin-
ity of the vortex cyclotron frequency31 ωvc = Φ0en/M .
Additionally, we measured at several other frequencies
revealing only weak dichroism, since they were farther
away from the vortex cyclotron frequency.
The resulting vortex mass, within an interval of 1 −
3 × 109me/cm, is about one order of magnitude larger
4than the vortex mass in niobium observed by Golubchik
et al.16. Even higher difference could be expected since
they observed vortices very close to the critical temper-
ature while the presented value corresponds to relatively
low temperatures. Moreover, a majority of theoretical
studies predict much larger masses in high-Tc supercon-
ductors than in conventional ones. On the other hand,
our result is about an order of magnitude smaller than
the one reported by Fil et al.14.
From theories, we mention merely two. The formula
of Kopnin15 yields the vortex mass 2×108 me/cm at low
temperatures. Modifications by Simula10 or by Volovik30
shift predicted masses closer to observed values. In Fig. 3
we compare the Kopnin-Volovik mass
MKV = nmξ2
√
Bc2
B
(5)
to our experimental data. With the coherence length
ξ2 = Φ0/(2piBc2), where Bc2 stands for the upper critical
field, this theory has no free parameters. For YBaCuO
we take Bc2 = 122 T in the zero-temperature limit32
and a temperature dependence (1−T 2/T 2c )/(1 +T 2/T 2c )
below the superconducting transition33. A similar es-
timate provides the low-temperature formula of Han et
al.5, MHKKA = mkF(kFξ)2, giving 3× 109me/cm for the
Fermi momentum evaluated from the 2D hole density per
CuO2 plane. In spite of very good agreement with the
observed value, none of the theories is fully confirmed.
We observe neither the strong dependence on the mag-
netic field predicted by Volovik nor the decrease of the
vortex mass at low temperatures found by Han et al.
In summary, we have developed an experimental
method to measure the circular dichroism of supercon-
ducting films threaded by Abrikosov vortices that serve
as information bits for fluxonics. Resonance of the far-
infrared (THz) light with cyclotron motion of vortices is
used to determine the vortex mass, the essential param-
eter for development of this ultrafast superconducting
technology. This method is restricted to materials with
a vortex cyclotron frequency below the superconducting
energy gap. High-Tc materials with a large energy gap
and low charge density meet this condition, as demon-
strated here for the most common one, YBaCuO.
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1Calculation of bilayer transmittance
In this supplementary material, we describe the exact
calculation of transmittance of circularly polarized THz
beam at normal incidence propagating through the sam-
ple. In the end, we test the approximate formula
T+
T− ≈
|ρ+|2
|ρ−|2 , (1)
against the exact transmittance calculation.
Transmittance calculation is complicated by the fact
that the sample includes birefringent substrate which
couples right-handed and left-handed circular polariza-
tion (RHCP and LHCP). Pure polarization state of one
type is transformed into the mixture of both states after
it passes through the sample. Since it is not possible to
treat these modes independently, it is advantageous to
use Yeh 4× 4 matrix algebra formalism [1, 2]. For more
detailed description of Yeh formalism reader is advised to
read Viˇsnˇovsky´ textbook [3]. We dealt with the similar
example in our previous work [4].
Sample bilayer structure consists of the YBaCuO film
deposited on a lanthanum aluminate (LAO) substrate.
The YBaCuO film has a thickness of df = 107 nm and
its c-axis is oriented perpendicularly to its surface, thus
in zero field, it is isotropic in the plane of the sample. In
magnetic field, RHCP and LHCP are eigenpolarizations
of the wave equation and their propagation is described
by refractive indices, n±, which can be easily evaluated
from the resistivity, ρ±, as
n± =
√
i
ωε0ρ±
, (2)
where ω is angular frequency and ε0 is vacuum permit-
tivity.
LAO substrate is oriented in (100) plane with the
birefringence, so the natural basis are linearly polarized
waves. We employed time domain THz spectroscopy to
carefully measure its anisotropic properties. For conve-
nience, the x-axis is chosen parallel with the linear polar-
ization of ordinary ray. At low temperatures (20 K), we
established the thickness dsub = 513.5 µm, ordinary and
extraordinary refractive indices, no = 4.95 and ne = 4.79
at ω = 6 × 1012 rad/s, see Figure 1. Measurements for
temperatures up to 100 K did not reveal any noticeable
deviations from its low temperature value.
In Yeh formalism [1, 3] electromagnetic wave is ex-
pressed as a sum of four partial waves
E(z) =
4∑
σ=1
Eσpσ exp i (−(−1)σkσ(z − zn)− ωt) , (3)
where Eσ denotes the amplitude, pσ is the normalized
eigenpolarization vector, kσ is z-component of wavevec-
tor, axis z is chosen along the light propagation and zn,
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FIG. 1. Ordinary (circles) and extraordinary (squares) re-
fractive index of lanthanum aluminate (LAO) substrate mea-
sured at 20 K. The frequency dependence is well described
by the exponential function no = 4.789 + 0.073 exp(0.127ω)
and ne = 4.675 + 0.051 exp(0.134ω) (solid lines), where ω is
angular frequency in 1012 rad/s units.
n = 0, 1, 2, is a position of the nearest interface at
zn < z or zero. Partial waves are ordered so that E1
corresponds to the beam with p1 polarization traveling
in positive z-direction, E2 to the beam traveling in nega-
tive z-direction with the same polarization p2 = p1 and
the same wavevector k2 = k1, E3 to the beam with p3 po-
larization traveling in positive z-direction and E4 beam
traveling in negative z-direction with the same polariza-
tion p4 = p3 and the same wavevector k4 = k3. Table I
shows these values for each environment. In notation
of the main text, in YBaCuO layer p1 = (þˆx + iþˆy)/
√
2.
Accordingly, this polarization propagates with refraction
index n+. Similarly, p3 = (þˆx − iþˆy)/
√
2 propagates with
n−.
The amplitudes Eσ are collected into a four-component
vector Eˆ. Its propagation between incident plane placed
TABLE I. Values of wavevectors
Layer p1 k1 p3 k3
YBaCuO 1√
2
(
1
+i
)
2pi
λ
n+
1√
2
(
1
−i
)
2pi
λ
n−
LAO
(
1
0
)
2pi
λ
no
(
0
1
)
2pi
λ
ne
He gas 1√
2
(
1
+i
)
2pi
λ
1√
2
(
1
−i
)
2pi
λ
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2infinitesimally before the YBaCuO film surface at z−0 ,
to the plane infinitesimally beyond the LAO substrate
surface at z+2 , is given by a 4× 4 transfer matrix M as
Eˆ(z−0 ) = MEˆ(z+2 ), (4)
where
M = D−1vacDf Pf D−1f Dsub PsubD
−1
subDvac, (5)
with dynamical matrices D and propagation matrices P .
Propagation matrix takes the same form for all layers
P =

e−ik1d 0 0 0
0 eik2d 0 0
0 0 e−ik3d 0
0 0 0 eik4d
 (6)
providing we substitute the corresponding values of
wavectors (see table I).
Eigenpolarizations of vacuum and superconducting
film are circularly polarized waves thus the dynamical
matrices are
Dvac =
1√
2

1 1 1 1
1 −1 1 −1
i i −i −i
−i i i −i
 (7)
and
Df =
1√
2

1 1 1 1
n+ −n+ n− −n−
i i −i −i
−in+ in+ in− −in−
 . (8)
Dynamical matrix of LAO takes different form as eigen-
polarizations are linearly polarized along x-axis and y-
axis:
Dsub =

1 1 0 0
no −no 0 0
0 0 1 1
0 0 −ne ne
 . (9)
Incident and transmitted waves propagate in the posi-
tive direction. For their matching beyond surfaces of the
sample, a 2 matrix is sufficient. To this end, we project
Eˆ and the transfer matrix M on the corresponding com-
ponents,(
E1(z+2 )
E3(z+2 )
)
=
(
t11 t31
t13 t33
)(
E1(z−0 )
E3(z−0 )
)
, (10)
where transmission coefficients t are determined from M
matrix elements:
t11 =
M33
M11M33 −M13M31 (11a)
t13 =
−M31
M11M33 −M13M31 (11b)
t31 =
−M13
M11M33 −M13M31 (11c)
t33 =
M11
M11M33 −M13M31 (11d)
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FIG. 2. Theoretical dichroism as a function of the fit param-
eter – the vortex mass. Even in the resonance the thin film
approximation T+/T− ∼= |ê+|2/|ê−|2 differs from the exact
calculation by few percents, see the inset. For exact calcula-
tion we used these values: ordinary and extraordinary refrac-
tive index of substrate ne = 4.79 and no = 4.95, thickness of
substrate dsub = 513.5 µm, thickness of superconducting film
df = 107 nm, ê0 = −i4.2 × 10−7 Ω m, ω = 6.1 × 1012 rad/s
and η was chosen as 3 × 10−8 Ns/m2 in order to avoid too
sharp resonance.
In case of RHCP, we set E1(z−0 ) = 1 and E3(z−0 ) = 0,
and the transmittance reads
T+ = (|E1(z+2 )|2 + |E3(z+2 )|2). (12)
For LHCP E3(z−0 ) = 1 and E1(z−0 ) = 0 and transmit-
tance T− is given by the same formula.
To evaluate the transmittance through our bilayer
sample, the exact calculation is needed since even the
slight difference between ordinary and extraordinary re-
fractive indices (≈ 3%), could result in a 50% error in
the calculated transmittance at 6×1012 rad/s. However,
in the ratio T+/T−, effects of the substrate nearly com-
pletely cancel. Thus it is possible to use equation (1) to
evaluate vortex mass. We justify this approximation by
comparing the calculated dependence of the ratio T+/T−
on vortex mass (see Fig. 2) using equation (1) and the
exact transmittance calculation.
While the absolute value of transmittance has to be
calculated using the exact treatment, we found the inter-
ference effects in the substrate cancel out and the ratio
T+/T− can be approximated by formula (1).
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FIG. 3. Complementary experimental data. DC resistivity of
the sample, kindly provided by Chih Wei Luo of NCTU.
